8
1 0 natural microbial communities it appears that many microbial species have highly redundant 1 1 metabolisms and seemingly are capable of utilizing the same substrates. This is paradoxical, 1 2 as theory indicates that species requiring a common resource should outcompete one another.
3
To better understand why microbial species can co-exist, we developed Metabolic Overlap we surveyed over 1200 studies across ten ecosystem types. We found the highest MO in 1 7 extreme (i.e., low pH/high temperature) and aquatic environments, while the lowest MO was 1 8 observed in communities associated with animal hosts, or the built/engineered environment. In addition, different metabolism subcategories were explored for their degree of metabolic 2 0 overlap. For instance, overlap in nitrogen metabolism was among the lowest in Animal and Microorganisms drive global biogeochemical cycles, but they do not work or live in isolation.
9
In order for any living species to survive they must engage in competition for space and 3 0 resources with other organisms that share similar nutritional requirements. The concept of loss 1 0 1 consequently occupy distinct niches, while the goal of our MO approach is to identify to what 1 0 2 extent two species fill a common niche. In order to survey the degree of MO in various ecosystems from around the globe, thereby 1 0 5 identifying the degree in which microbial species within the community overlap in the niches origin based on information included in the submission to the public repository or by manual 1 1 5 curation if this information was insufficient. This resulted in ten ecosystem categories, with 1 1 6 studies that could not be reasonably identified classified as "Other" (Table 1) .
In a given ecosystem, metabolic overlap and the predicted average genome sizes of MAGs 0.001). The average predicted genome sizes were the highest in studies from the built 1 2 1 environment (4Mbp +/-0.65Mbp) and lowest in extreme environments (2Mbp +/-0.96Mbp; 1 2 2 Table 2 ). The number of MAGs in a given community (grouped per study) negatively 0.001). As we were interested in investigating how MO varied between ecosystems, 1 2 5 irrespective of the differences in genome sizes between ecosystems, we normalized MO to the 1 2 6 average genome size of the respective study. Furthermore, the values were scaled so that the 1 2 7 average MO of all ecosystems combined was 0 ( Figure 3 ). Freshwater, and Marine ecosystems had higher than average MO scores in the majority of the 1 4 7 categories of metabolism (Table 4 ).
4 8
The nitrogen metabolism was used to further investigate the influence of incomplete pathways 1 4 9 on the MO. Therefore, the ratios of complete to incomplete denitrifiers were calculated for all 1 5 0 ecosystems (i.e., complete denitrifiers encoding all proteins required for NO 3 -, NO 2 -, NO, and 1 5 1 N 2 O reduction; incomplete denitrifiers missing at least one gene; Figure 4A ). The Built 1 5 2 environment showed the largest MO in nitrogen metabolism and also had the highest ratio of 1 5 3 complete to incomplete denitrifiers compared to all other ecosystems ( Figure 4B ). Contrary, 1 5 4
the Animal ecosystem, which by far had the lowest MO in this category also contained mostly 1 5 5 incomplete denitrifiers. Phylogenetic relationship of organisms and its relationship to the metabolic overlap. In order to determine if the evolutionary relatedness between MAGs was correlated with MO, Animal (r = -0.16), Extreme (r = -0.19) and Fresh Water ecosystems (r = -0.21; Figure 6 ). In the current study a new metric termed MO, which describes how similar two species' 1 6 7 metabolisms are, was developed in the context of a genome-based survey of microbial 1 6 8
communities from diverse ecosystems. High MO between two species suggests that they have 1 6 9
the capacity to perform similar metabolic reactions, thus have similar growth requirements 1 7 0 and fill similar niches. In contrast, low MO suggests that the two species in question may 1 7 1 compete for fewer resources. We determined the average metabolic overlap of all community 1 7 2 members (i.e., the average MO of all pairwise species comparisons) for a given study, which 1 7 3
were grouped into distinct ecosystems based on their origin for comparison ( Figure 3 ; Table   1 7 4
3). The average MO of a community can be similarly interpreted as the pairwise species in their biochemistry and could in theory compete for a similar niche, whereas a low average 1 7 7
MO would suggest the opposite. Ecological and evolutionary drivers of metabolic overlap 1 7 9
There are several well studied ecological forces that shape microbial community 1 8 0 structure. Community diversity is maintained via dispersion (immigration and emigration) as 2014). In this study, we observed major ecosystem-dependent differences in the MO of 1 8 8 microbial community members ( Figure 3 ; Table 3 ). This variation may in part be attributed to In addition to dispersion as an ecological force, disturbances to ecosystems can also 1 9 8 play a large role for species diversity, driving extinction or speciation within the community Substrate spectrum as a possible driver of metabolic overlap in ecosystems.
The availability of resources, both in quality and quantity, drives which species can thrive in a 2 0 8
given system. In the open ocean, the input of labile organic matter is a major factor 2 0 9
controlling microbial activity in the photic zone, where phototrophs fix large quantities of would then lead to more diverse microbial metabolisms. In the current study, a negative 2 1 7 relationship between the richness of a community (number of genomes in a given sample) and 2 1 8 their average MO was observed, which suggests that in more diverse communities there is 2 1 9 less metabolic overlap ( Figure 2) . Indeed, there are many studies that report species-specific 2 2 0 differences in the composition of host-associated microbial communities ranging from plants In addition to the quality of substrates, the quantity of organic matter also drastically differs leading to a higher number of species consuming a common substrate (i.e., higher MO). In the 2 3 4 current study, we observe microbial communities from animal ecosystems had the lowest 2 3 5 overlap in categories of metabolism involved in nitrogen and amino acid metabolism, which 2 3 6
corresponds to the idea of N limitations in the animal gut and known auxotrophies ( complete denitrification (Figure 4 ). This was contrasted by the low number of complete 2 4 6 denitrifiers in the animal system. While the differences here could be due to nutrient availability, one should also consider possible differences in life strategies for persisting in a 2 4 8 particular environment (i.e., detoxification versus energy conservation).
4 9
Influence of phylogenetic relationship on metabolic overlap.
Populations that become isolated and diverge on an evolutionary timescale do so as a result of 2 5 1 being exposed to different environments and thus different selection pressures on specific 2 5 2 traits, although some mechanisms exist that make this divergence less clear (i.e., convergent suggesting that ecological differences between these ecosystems influence this relationship. The dominant taxonomic groups often vary between different ecosystems as a result of the 2 5 9
underlying nutrient profiles or physical properties of those ecosystems. This may be a result 2 6 0 of stronger selection pressures in a given ecosystem for traits specific to a few select 2 6 1 1 0 monophylogenetic groups (i.e., methanogenesis, ammonia and nitrite oxidation), as opposed 2 6 2 to traits that are more widespread (i.e., denitrification). Phylogenetic groups may vary in the 2 6 3 number of traits (i.e., some groups are more metabolically versatile than others), and MO is Allison 2013). Specifically, the ability to produce these enzymes was non-randomly 2 6 8 distributed phylogenetically. It follows that ecosystems which have strong selection pressures 2 6 9
for metabolically diverse phylogenetic groups would have a weaker relationship between the 2 7 0 phylogenetic relatedness and metabolic overlap. The emergence of vast amounts of sequence data has allowed the assembly of genomes of are still significant limitations when dealing with metagenome-assembled genomes. Specifically, the amount of information lost in the process of genome assembly and binning calling for an urgent need to provide as much metadata on samples as possible. In addition to the technical limitations mentioned above, there are also limitations in 2 9 0 methods such as MO, which rely heavily on accurate automated annotation of genetic 2 9 1 elements in genomes. Specifically, database quality is a key driver in the accuracy of survey 2 9 2 studies such as the one presented here. A major issue is the inability to assign functions to 2 9 3 1 1 many genes, even in the genomes of the most well studied microorganisms (35% hypothetical 2 9 4
proteins in E. coli genome; Ghatak et al. 2019) . Apart from the limitations to automatic 2 9 5 annotation methods, there are different levels of biology associated with niches that are not 2 9 6
captured in genome-level information. These limitations include a lack of information of 2 9 7 whether a gene is transcribed, whether the transcript is translated to a functional product and Ultimately, understanding drivers of microbial community metabolism will lead to a better 3 1 7 ability to predict and engineer microbial communities for industrial or conservational Metagenome-assembled genomes (MAGs) utilized in the current study comprised the set 1 3
In order to associate the phylogenetic distance of assembled genomes to their MO, the UBCG Extracellular Enzyme Genes among Sequenced Prokaryotic Genomes." The ISME by calculating the number of reactants these species can utilize in common. This is determined by 4 7 4
establishing their shared biochemical pathways (A). The number of substrates shared between a set of 4 7 5
organisms is represented in a matrix (B), typically a symmetrical distance matrix. The average 4 7 6 metabolic overlap of all communities from a given ecosystem are calculated and can be then compared 4 7 7
to other ecosystems as seen in the current study (C). 
